Introduction
============

Colorectal cancer (CRC) is the second most common cancer worldwide ([@b1-ol-0-0-9337]). It is widely accepted that inactivating mutations in the adenomatous polyposis coli (*APC*) gene are the initiating event in the traditional pathway of CRC development, with further accumulation of oncogenic mutations leading to cancer development and progression ([@b2-ol-0-0-9337],[@b3-ol-0-0-9337]). Morphologically normal intestinal crypts containing APC-deficient cells are observed prior to the formation of adenomas ([@b4-ol-0-0-9337]). This suggests the initiating event in adenoma formation is an *APC* mutation in a crypt stem cell that subsequently divides to form all other crypt cells, thereby passing on the *APC* mutation to daughter cells and eventually leading to the formation of APC-deficient crypts ([@b4-ol-0-0-9337]). This supports the notion that crypt stem cells are the cell-of-origin in CRC ([@b5-ol-0-0-9337]).

Normal intestinal stem cells are identified by expression of a membrane receptor named leucine-rich repeat-containing G-protein coupled receptor-5 (Lgr5) ([@b6-ol-0-0-9337]). This marker may also identify the cell-of-origin in intestinal cancers ([@b5-ol-0-0-9337]). Expression of Lgr5 increases during progression from normal intestinal cells to adenomas and cancers, suggesting that expansion of crypt stem cells occurs upon tumour formation ([@b7-ol-0-0-9337]--[@b10-ol-0-0-9337]). Interestingly, Lgr5 positive (Lgr5^+^) cells in early adenoma development reside at the luminal surface before migrating towards the basal region of crypts during progression of disease ([@b9-ol-0-0-9337],[@b11-ol-0-0-9337]). Although the majority of intestinal adenomas are thought to originate from Lgr5^+^ cells, Lgr5^−^ cells also may also develop into early adenomas ([@b11-ol-0-0-9337],[@b12-ol-0-0-9337]).

The transcription factor referred to as sex determining region Y-box 2 (SOX2) is essential for the induction of pluripotency in adult cells ([@b13-ol-0-0-9337]). SOX2 expression in CRC has been associated with features of 'stemness' and is as a marker of poor prognosis ([@b14-ol-0-0-9337]--[@b17-ol-0-0-9337]). Although SOX2 expression in early CRC has not yet been characterised, increased expression has been associated with disease progression in head and neck cancer ([@b18-ol-0-0-9337]), gynaecological cancers ([@b19-ol-0-0-9337]) and squamous cell carcinoma of the lung ([@b20-ol-0-0-9337]).

Both Lgr5 and SOX2 have been described as markers of cancer stem-like cells (CSC), a population of cancer cells with stem cell-like properties such as self-renewal, chemoresistance and enhanced tumourigenicity ([@b21-ol-0-0-9337]). Accumulating evidence suggests that CSC may also have enhanced ability for immune evasion, thus increasing their survival advantage ([@b22-ol-0-0-9337]). Immune escape has been described as the final stage of the immunoediting process whereby tumours gain the ability to avoid immune recognition, leading to invasive cancer ([@b23-ol-0-0-9337],[@b24-ol-0-0-9337]). Infiltration of the tumour by lymphocytes is a well-established prognostic factor in CRC ([@b25-ol-0-0-9337],[@b26-ol-0-0-9337]). Cell densities for the T lymphocyte subsets CD8^+^ cytotoxic T cells and Foxp3^+^ T regulatory (Treg) cells have also been shown to increase with progression of disease ([@b27-ol-0-0-9337]--[@b29-ol-0-0-9337]).

The expression of programmed death-ligand 1 (PD-L1) can inhibit T cell activity and may provide a mechanism for premalignant tumour cells to escape immune recognition ([@b30-ol-0-0-9337]). PD-L1 can be expressed by both immune cells and tumour cells, and has recently become the target of novel, immune-modulating therapies that antagonise PD-1 signalling to improve tumour-specific immune responses ([@b31-ol-0-0-9337],[@b32-ol-0-0-9337]). The expression of PD-L1 has been found to increase with disease progression in early oral cancer ([@b33-ol-0-0-9337]) and in respiratory papilloma ([@b34-ol-0-0-9337]). However, its expression in early CRC has yet to be characterised.

The aim of this exploratory study was to assess expression of the putative CSC markers Lgr5 and SOX2, and the immune cell-related markers CD8, Foxp3 and PD-L1 through the stages of rectal cancer development from low grade adenoma (LG) to invasive cancer, and to investigate any correlation between CSC and immune cell-related markers.

Materials and methods
=====================

### Patient selection and ethic approval

Patients who underwent Trans-anal Endoscopic MicroSurgery (TEMS) for resection of benign polyps or early stage carcinoma with no evidence of local spread during the period from November 2006 to April 2014 were identified from our institutional research database. At the time of diagnosis, each case was assessed by a pathologist for the degree of dysplasia and the presence or absence of invasive cancer. This information was used to allocate cases into one of four groups for the purposes of this study: LG, low grade adenoma with high grade areas (LGwHG), high-grade adenoma (HG), and invasive cancer. The study was approved by the St John of God Healthcare (SJ-737) and the University of Western Australia Human Research Ethics Committees (RA/4/1/7278). All patients gave written informed consent for the use of their biological material and health information for research purposes.

### Immunohistochemistry (IHC)

4 µm sections were cut from selected samples and mounted on positively charged slides for IHC. Staining was performed for the markers Lgr5, SOX2, CD8, Foxp3 and PD-L1. Sections were dewaxed and rehydrated in a graded xylene and ethanol series before performing antigen retrieval in a DakoCytomation laboratory pressure cooker (Dako, Copenhagen, Denmark) at 121°C for 6 min. Sections for Lgr5 and SOX2 were submersed in 10 mM sodium citrate retrieval buffer (pH 6.0) and sections for CD8, Foxp3 and PD-L1 in CINtec epitope retrieval buffer (pH 9.0; CINtec Histology kit; Roche Australia, Castle Hill, New South Wales, Australia). Endogenous peroxidase activity and non-specific IgG binding was blocked using Peroxidazed 1 and Background Sniper solutions, respectively (Biocare Medical LLC., Concord, CA, USA). Lgr5 (1:200; MC-1235; MBL International, Woburn, MA, USA) and CD8 (1:100; C8/144B; Dako) primary antibodies were incubated for 30 min at room temperature. Primary antibodies for SOX2 (1:50; EPR3131; Abcam, Cambridge, MA, USA), Foxp3 (1:100; 236A/E7; Abcam) and PD-L1 (1:100; E1L3N; Cell Signalling Technology, Inc., Danvers, MA, USA) were incubated for one hour at room temperature. The REAL™ EnVision HRP/DAB staining system (Dako) was used to complete immunostaining for Lgr5, SOX2 and PD-L1. SOX2 and PD-L1 were also incubated with EnVision FLEX Linker prior to secondary antibody application. The MACH-2 Mouse HRP-polymer and Betazoid DAB (Biocare Medical, LLC.) was used for CD8 immunostaining. The MACH-3 Mouse HRP detection system (Biocare Medical, LLC.) was used for Foxp3 immunostaining. All sections were briefly counterstained in Mayer\'s haematoxylin (Hurst Scientific, Perth, Western Australia, Australia) before dehydration and mounting.

### Marker expression analysis

Sections were scanned on a high-resolution scanner (Aperio Scanscope XT; Leica Biosystems, North Ryde, New South Wales, Australia) and manually annotated to ensure the tissue analysed matched the histology type to which samples had been assigned. Image analysis software was then used to quantify marker expression as previously described (Aperio Imagescope version 11) ([@b35-ol-0-0-9337],[@b36-ol-0-0-9337]). Expression of PD-L1 by immune and tumour cells was included in the analysis. Data were reported as cell density (cells/mm^2^) for SOX2, CD8 and Foxp3 and as percentage of positively staining area for Lgr5 and PD-L1.

### Statistical analysis

Correlations between marker expression as continuous variables were analysed using linear regression. Comparisons between expression in each group was assessed using the Kruskal-Wallis test. Categorical variables were created for each marker using median expression values as the cut-off to distinguish low and high expression. As group was a non-binary, ordered outcome variable the associations between groups and categorical expression levels were assessed using multinomial logistic regression with P-values generated using the Wald Chi-squared statistic. P\<0.05 was considered to indicate a statistically significant difference. SAS version 9.4 (SAS Institute, Inc., Cary, NC, USA) and Graphpad prism version 7 (GraphPad Software, Inc., La Jolla, CA, USA) were used for statistical analysis.

Results
=======

### Tumour classification

Patient samples were classified into one of four groups based on the level of dysplasia and the invasion status as determined by a pathologist at the time of diagnosis. There were 20 LG, 18 LGwHG, 19 HG and 22 cases of adenocarcinoma (AdCa). Of the 57 cases with preinvasive disease (LG, LGwHG or HG), all were considered to contain villous, tubular or tubulovillous architecture. All tumours were localised to the rectum.

### Immunohistochemical staining

Lgr5 was predominantly expressed in the cytoplasm of tumour cells with a granulated appearance. For SOX2 and Foxp3, nuclear expression was primarily observed in tumour cells and in lymphocytes, respectively. Membranous expression on lymphocytes was seen for CD8 and PD-L1 with some stromal and membranous tumour cell expression also seen for PD-L1 ([Fig. 1](#f1-ol-0-0-9337){ref-type="fig"}). The median expression level for each marker was used to stratify patients into low and high expression groups ([Table I](#tI-ol-0-0-9337){ref-type="table"}).

### Correlations between marker expression

Linear regression was used to assess correlations in marker expression. PD-L1 expression significantly correlated to all other markers studied ([Fig. 2](#f2-ol-0-0-9337){ref-type="fig"}). CD8 and Foxp3 expression also demonstrated a highly significant positive correlation (R^2^=0.27; P\<0.0001). Expression of Lgr5 and SOX2 demonstrated no significant correlation (R^2^=0.0004; P=0.87) suggesting that different sub-populations of tumour cells are identified by these markers.

### Marker expression during disease progression

Kruskal-Wallis tests showed that there was significant difference between the expression of CD8, Foxp3 and PD-L1 with disease progression using expression as a continuous variable ([Fig. 3A-C](#f3-ol-0-0-9337){ref-type="fig"}). This was confirmed in multinomial regression analysis using expression as a categorical variable ([Table II](#tII-ol-0-0-9337){ref-type="table"}).

The expression of Foxp3 and PD-L1 both significantly increased with progression of disease (overall P=0.0003 and P=0.0010 respectively). Compared to LG adenoma, the greatest increase in expression for Foxp3 was observed in AdCa \[odds ratio (OR)=40.5; 95% confidence interval (CI), 6.57--249.6; P\<0.0001; [Table II](#tII-ol-0-0-9337){ref-type="table"}\]. For PD-L1 expression, the largest increase was observed in HG adenoma when compared to LG adenoma (OR=25.2; 95% CI, 4.24--49.8; P=0.0004; [Table II](#tII-ol-0-0-9337){ref-type="table"}).

Although not significant overall using multinomial regression (P=0.089), increased expression of CD8 was nevertheless seen in HG adenoma (OR=5.14; 95% CI, 1.30--20.4; P=0.02) and AdCa (OR=4.33; 95% CI, 1.16--16.3; P=0.03).

No significant differences between groups were seen for Lgr5 or SOX2 expression (P=0.84 and P=0.75, respectively). However, in cases classified as LGwHG, higher SOX2 expression was observed the high grade areas ([Fig. 4](#f4-ol-0-0-9337){ref-type="fig"}).

Discussion
==========

In this exploratory study we assessed expression of the putative CSC markers Lgr5 and SOX2 and the immune cell-related markers CD8, Foxp3 and PD-L1 at different stages of rectal tumourigenesis. Expression of each of the immune cell-related markers increased significantly during progression from LG adenoma to AdCa, but no changes were observed for the CSC markers.

The increased expression of CD8 and Foxp3 in HG adenomas and AdCa groups found here is consistent with previous reports ([@b27-ol-0-0-9337]--[@b29-ol-0-0-9337]) and is suggestive of a tumour-specific immune response attempting to control the progression of disease (expansion of tumour-specific CD8^+^ T cells with concurrent expansion of Foxp3^+^ regulatory T cells). However, a concurrent increase in PD-L1 expression was also observed, particularly in HG adenoma and AdCa, which may represent an immune escape mechanism. Secretion of interferon-γ by T cells can induce expression of PD-L1 ([@b37-ol-0-0-9337]), so the increased T cell infiltrates in the later stages of disease progression observed here may induce PD-L1 expression in tumour cells, potentially permitting tumour cell invasion and the development of AdCa.

The antibody and protocol used here for PD-L1 immunostaining was carefully optimised in-house and has been directly compared to clinically validated protocols ([@b38-ol-0-0-9337]). However, it is important to note that the analysis method used in this study could not distinguish between tumour and stromal expression of PD-L1, even though it is less subjective than traditional scoring methods. Although assessment of PD-L1 expression to date has generally been limited to tumour cells, there is evidence that immune-cell expression is also clinically relevant in CRC ([@b39-ol-0-0-9337]--[@b41-ol-0-0-9337]). Tumour cells may constitutively express PD-L1, or the expression may be induced via T cell responses ([@b39-ol-0-0-9337]). The ability to distinguish PD-L1 expression in terms of contribution from the T cell infiltrate and from tumour cells may provide important information with respect to tumour-specific immune responses. It is also interesting to note that recent findings suggested the *PD-L1* gene can be transcriptionally activated by SOX2, thus providing a potential intrinsic mechanism for the induction of PD-L1 expression in tumour cells ([@b42-ol-0-0-9337]). This is consistent with the present result showing that PD-L1 and SOX2 expression are significantly correlated.

Increased expression of the putative CSC markers CD44, CD133 and Musashi-1 have been correlated with the progression of premalignant disease in gastric cancer ([@b43-ol-0-0-9337]). In contrast, no significant relationship between CSC marker expression and the progression of rectal cancer was observed in the present study. Other studies have reported increased expression of Lgr5 mRNA using *in situ* hybridisation (ISH) in LG adenoma and AdCa compared to normal tissue ([@b7-ol-0-0-9337],[@b8-ol-0-0-9337]). Since IHC was used in the present study to assess protein expression, it is possible that poor antibody specificity may explain the discrepant results. Nonetheless, the distribution of Lgr5 expression observed here was consistent with previous reports using IHC ([@b9-ol-0-0-9337],[@b10-ol-0-0-9337]) and ISH ([@b7-ol-0-0-9337],[@b8-ol-0-0-9337]), with the expression localised primarily to the luminal surfaces in LG adenoma, and heterogeneous expression throughout the crypts at later stages of tumourigenesis.

One explanation for the observed lack of change in SOX2 expression during rectal tumourigenesis may be due to the small sample size. Also, SOX2 expression may have greater relevance for proximal colon cancers with higher expression in right-sided, primary colonic tumours associated with metastatic spread and poorer outcomes ([@b14-ol-0-0-9337]). Since the samples used in this study were all resected using the TEMS procedure they were all rectal. However, an increase in the median expression of SOX2 was observed in the AdCa group ([Fig. 3E](#f3-ol-0-0-9337){ref-type="fig"}). Increased SOX2 expression was also seen in LGwHG where malignant progression may be occurring, as signified by areas of higher grade dysplasia ([Fig. 4](#f4-ol-0-0-9337){ref-type="fig"}). This result suggests that SOX2 could play a role in progression of dysplasia by promoting de-differentiation or by promoting cellular migration and invasion. The mechanism underlying SOX2 up-regulation in tumour cells could therefore be relevant as a possible target to inhibit disease progression. Recent evidence has shown that stem-like characteristics of Lgr5^+^ CSC subsets can be intrinsic to these cells, rather than being induced by stromal signals ([@b44-ol-0-0-9337]). It is not known whether the stem-like characteristics of SOX2 expressing tumour cells is induced via signals from the stromal microenvironment or if these cells also undergo intrinsic changes independent of external signals. These findings could provide novel insights into the mechanisms of increasing dysplasia and invasion, as well as how tumour cells escape immune recognition in the early stages of tumourigenesis.

No correlation was observed between expression of Lgr5 and SOX2 in this study. This indicates that perhaps these two markers are identifying two different subsets of tumour cells or possibly different CSC subsets. There was also no significant increase in Lgr5 or SOX2 expression with disease progression. As CSC only account for a small minority of tumour cells it is possible that the methods used here could not detect subtle changes in positive CSC marker expression. It is also possible that the functional status of CSC is more clinically relevant than their density. It is important to note that Lgr5 and SOX2 are only thought to identify cancer cells with stem-like potential. Markers of functional CSC have yet to be identified and this warrants further investigation.

Here, we have demonstrated increased expression of the T cell markers CD8 and Foxp3 concurrently with PD-L1 expression during rectal tumourigenesis. To our knowledge, this is the first study to demonstrate elevated expression of PD-L1 in HG adenoma and early AdCa, when compared to LG adenoma in rectal lesions. This may represent a mechanism by which tumour cells avoid T cell-mediated immunity. Another novel finding in this study was that higher SOX2 expression was observed in high grade areas, which could be associated with de-differentiation and cellular migration. However, further investigation is required to determine the exact role of SOX2 expression in rectal tumourigenesis.
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![Low and high immunostaining of Lgr5, SOX2, CD8, Foxp3 and PD-L1 with corresponding digital mark-up of high immunostaining images. Representative images (70X) of each marker where blue represents negative staining, yellow weak, orange moderate and red strong staining in digital mark-up images. Scale bars=300 µm. Lgr5, Leucine-rich repeat-containing G-protein coupled receptor-5; SOX2, sex determining region Y-box 2; CD8, Cluster of differentiation 8; Foxp3, Forkhead box P3; PD-L1, Programmed death-ligand 1.](ol-16-05-5761-g00){#f1-ol-0-0-9337}

![PD-L1 correlates with immune cell and CSC marker expression. Graphical representation of linear regression results assessing correlations between PD-L1 and (A) Lgr5, (B) SOX2, (C) CD8 and (D) Foxp3 expression. Significant correlations were found between PD-L1 expression and all other markers assessed in this study. Lgr5, Leucine-rich repeat-containing G-protein coupled receptor 5; SOX2, sex determining region Y-box 2; CD8, Cluster of differentiation 8; Foxp3, Forkhead box P3; PD-L1, Programmed death-ligand 1.](ol-16-05-5761-g01){#f2-ol-0-0-9337}

![Expression of each marker with progression of disease. Dots represent individual cases within each group for (A) CD8, (B) Foxp3, (C) PD-L1, (D) Lgr5 and (E) SOX2. Bars represent median values. Immune-related marker expression trends upwards with progression of disease. Although not significant, the median expression of SOX2 in the AdCa groups is considerably higher than that observed in other groups. Expression between groups was compared using the Kruskal-Wallis test. \*P\<0.05, \*\*\*P\<0.001. Lgr5, Leucine-rich repeat-containing G-protein coupled receptor 5; SOX2, sex determining region Y-box 2; CD8, Cluster of differentiation 8; Foxp3, Forkhead box P3; PD-L1, Programmed death-ligand 1.](ol-16-05-5761-g02){#f3-ol-0-0-9337}

![Expression of SOX2 in areas of high grade dysplasia. Representative immunostaining for (B, D, F and H) SOX2 and matched (A, C, E and G) H&E stains in areas of high grade dysplasia for a case diagnosed as low grade adenoma containing high grade features. Low power images (magnification, ×50) of region 1 and 2 (A-D, respectively) with boxes indicating higher power images (magnification, ×120)of each region (E-H, respectively) are shown. SOX2 expression is present in high grade areas of low grade adenomas, suggesting a function for SOX2 in tumour cell invasion. Scale bars=500 µm for A-D and 200 µm for E-H. Lgr5, Leucine-rich repeat-containing G-protein coupled receptor 5; SOX2, Sex determining region Y-box 2; CD8, Cluster of differentiation 8; Foxp3, Forkhead box P3; PD-L1, Programmed death-ligand 1.](ol-16-05-5761-g03){#f4-ol-0-0-9337}

###### 

Median expression and number of cases classified as high for each marker.

  Marker   Median               LG, n (%)    LGwHG, n (%)   HG, n (%)    AdCa, n (%)
  -------- -------------------- ------------ -------------- ------------ -------------
  Lgr5     9.84%                10 (50.0)    10 (55.6)        8 (42.1)   12 (54.5)
  SOX2       50.5 cells/mm^2^     8 (40.0)   10 (55.6)        9 (47.4)   12 (54.5)
  CD8      293.5 cells/mm^2^      5 (25.0)     9 (50.0)     12 (63.2)    13 (59.1)
  Foxp3    194.8 cells/mm^2^      2 (10.0)     7 (38.9)     13 (68.4)    18 (81.8)
  PDL1     8.01%                  2 (10.0)     8 (44.4)     14 (73.7)    16 (72.7)

LG, low grade adenoma; LGwHG, low grade adenoma with high grade areas; HG, high grade adenoma; AdCa, adenocarcinoma; Lgr5, Leucine-rich repeat-containing G-protein coupled receptor-5; SOX2, sex determining region Y-box 2; CD8, cluster of differentiation 8; Foxp3, forkhead box P3; PD-L1, programmed death-ligand 1.

###### 

Expression of IHC markers as categorical variables (high vs. low) throughout the stages of rectal tumorigenesis.

          Lgr5   SOX2         CD8     Foxp3   PD-L1                                                                                                
  ------- ------ ------------ ------- ------- ------------ ------- ------ ------------ ------- ------ ------------- --------- ------ ------------- ---------
  LG      1.00                0.840   1.00                 0.75    1.00                0.089   1.00                 \<0.001   1.00                 0.001
  LGwHG   1.25   0.35--4.49   0.732   1.88    0.52--6.81   0.340   3.00   0.76--11.8   0.116   5.73   1.01--32.7    0.049     7.20   1.27--40.7    0.026
  HG      0.73   0.21--2.57   0.622   1.35    0.38--4.80   0.643   5.14   1.30--20.4   0.020   19.5   3.38--112.4   \<0.001   25.2   4.24--149.8   \<0.001
  AdCa    1.20   0.36--4.04   0.768   1.80    0.53--6.14   0.348   4.33   1.16--16.3   0.030   40.5   6.57--249.6   \<0.001   24.0   4.23--136.2   \<0.001

LG, low grade adenoma; LGwHG, low grade adenoma with high grade areas; HG, high grade adenoma; AdCa, adenocarcinoma; Lgr5, leucine-rich repeat-containing G-protein coupled receptor-5; SOX2, sex determining region Y-box 2; CD8, cluster of differentiation 8; Foxp3, forkhead box P3; PD-L1, programmed death-ligand 1; OR, odds ratio; CI, confidence interval.
